Substrate depktion in dz'fmnt types of muscle and in liver during prolonged running. Am This approach was used in the present study in which the time course of depletion of substrate stores in the three types of skeletal muscle was determined during an exercise session of the type we routinely employ in our training studies. In addition, responses to two other exercise tests were examined to obtain information regarding each of the two running speeds, 1 and 1.5 mph, used during the training sessions. The results are interpreted in the context of changes in the concentrations of liver glycogen and of blood glucose and free fatty acids.
METHODS

Animal care and trainiq
Frogram. Male rats of a Wistar strain (specific pathogen-free CFN rats) weighing approximately 150 g were obtained from Carworth Farms and were provided with food and water ad libitum.
The animals were trained to run on a Quinton 42-15 animal treadmill for 4 weeks. They were exercised 5 days/week with the treadmill set at an 8" incline. The duration and speed of the run were progressively increased until the animals were running for I hr/day at 1 mph. After the 4 weeks, the rats were tested, and it was determined that they could all'complete the Z-hr-long exercise tests to which they were to be subjected. They were then maintained on the training program, with I hr/day of running at 1 mph, for another 5-10 days. Acute exercise tests. The animals were randomly assigned to four groups and killed approximately 24 hr after their last training session. The six animals in group A, which were used as rested controls, were not exercised for the 24 hr preceding sacrifice. The 12 animals in group B were exercised at a treadmill speed of I mph up an 8" incline; four animals from group B were sacrificed after 15 min of running (23 hr and 15 min after their last training session); four more animals were sacrificed after 60 min of running (24 hr after their last training session) ; the last four animals were sacrificed after 2 hr of running (25 hr after their last training session). The 12 rats in group C were exercised at 1 mph up an 8" incline with intervals of running at 1.5 mph, each lasting 1 min, spaced 9 min apart through the exercise session As in group B, four animals were sacrificed after 15 min, another four after 60 min, and the last four after 2 hr of running.
The 12 rats in group D ran for alternate 30-set periods at 0.5 and I .5 mph up an 8' incline. As in grouju B and C, groups of four animals were sacrificed after 15, 60, and 120 min of running.
The animals were not fasted prior to the exercise tests. There were no differences in mean body weight among the four groups. The final average body weight for all the animals was 278 ZIIZ 4 g.
Tissue preparation. The animals were anesthetized with 24 mg Na pentobarbital given intraperitoneally immediately after the exercise. Approximately 5 min later the muscles of the right lower extremity were rapidly exposed. The soleus muscle, which is made up of intermediate fibers, was excised and frozen with Wollenberger tongs (43) cooled in liquid nitrogen.
Next, the quadriceps muscle group was excised, and samples (approximately 100 mg) of the most BALDWIN ET AL.
superficial part of the vastus lateralis, which consists of white fibers (3), and of the deepest portion of the vastus lateralis, which consists predominantly of red fibers (3), were excised and frozen with Wollenberger tongs. One lobe of the liver was then frozen. Next, the rats were exsanguinated via the abdominal aorta. Following exsanguination, the heart, the left soleus muscle, and samples of the superficial, white and deep, red regions of the left vastus lateralis muscle were excised and frozen. The skeletal muscles removed prior to exsanguination were used for measurement of glycogen content, and those removed after exsanguination were used for determination of triglyceride content. The tissues were stored at -70 C until they were analyzed.
Assay (Tables l-3) . Thereafter, glycogen concentration remained stable (groups 13 and C) or decreased more slowly (group D)+ The decrease in glycogen concentration in soleus muscle after 2 hr of running ranged from 2.69 mg/g in gro@ C to 4.60 mg/g in group D. The exercise appeared to have little or no effect on the concentration of the triglycerides in soleus muscle.
Comparison of three types of skeletal muscle. There are considerable differences between the normal, resting levels of glycogen in the three types of skeletal muscle. Therefore, a somewhat different perspective is obtained when the muscle glycogen concentrations after exercise are expressed in relative terms, as a percentage of the resting values ( Fig. 1) , instead of in absolute terms (Tables l-3). As shown in Fig.  1 , the percentage reductions of glycogen stores in soleus muscle in response to the three exercise tests were similar to or greater than those in red muscle, even though the absolute changes (mg/g) were smaller.
Heart. The exercise tests had little or no effect on the glycogen content of the heart. However, all three groups had a reduction in the concentration of triglycerides in heart muscle, which ranged from 21 % (group B) to 32 % (group C) after 2 hr of running (Tables  l-3) . glycogen concentration.
By the end of the 2 hr of running, approximately 85 % of the livers' glycogen stores were depleted in all three groups (Tables 1-3 ).
Blood. Blood glucose levels averaged 125 & 6 mg/ 100 ml in the rested, fed animals. After an initial moderate increase, the concentration of blood glucose fell slightly in all three groups, averaging 111 & 7 mg/lOO ml in group B, 106 & 8 mg/ 100 ml in group C, and 98 XII 13 mg/ 100 ml in group D after 2 hr of running.
Plasma tory capacity (3) and in hexokinase activity (5) with training are so much smaller in white than in red muscle.
Edger-ton et al. (13) examined the effects of treadmill running on phosphorylase activity in red and white muscle fibers in guinea pigs and also came to the conclusion that the red fibers are activated more frequently than the white during prolonged, moderate intensity work. However, in their study, 2 1 % of the white and only 10 % of the red fibers were phosphorylase negative after 10 min of running, giving the impression that glycogen depletion was more rapid in white than in red fibers early during exercise. In contrast, in the present study the most rapid depletion of glycogen in red muscle occurred during the first 15 min of exercise, whereas white muscle glycogen stores were essentially unaffected. This difference could be due to differences in the species and the exercise tests in the two studies. However, another explanation for this apparent discrepancy could be that negative staining for phosphorylase, which is not a quantitative measure of glycogen, may, at best, be a crude indicator of glycogen depletion. The smaller adaptive increases in hexokinase activity (5) and respiratory capacity (3) in soleus than in red muscle in our studies on the effects of training had also led us to suspect that the intermediate fibers participate to a lesser extent in the work of running than do the red. Consistent with this view is the present finding that the combined decrease in glycogen and triglyceride stores in group C, after 2 hr of the exercise stress used in our training studies, was equivalent to approximately 30 Cal/g red muscle, if completely oxidized, compared to 11 Cal/g in soleus. However, the slow twitch fibers are thought to rely predominantly on aerobic metabolism and could, perhaps, obtain most of their energy from glucose and FFA extracted from the blood during exercise of moderate intensity. Furthermore, there is evidence that the slow twitch soleus muscle uses less ATP than fast twitch muscle in maintaining tension (19). In view of these considerations and our lack of information regarding the total energy utilized by the muscle fibers, the interpretation that the red fibers do relatively more work than the intermediate during the exercise session is rather tenuous and must be viewed with caution.
In studies in which muscles were electrically stimulated through the nerve to contract repeatedly in situ, it was found that glycogen stores in intermediate fibers decreased minimally despite prolonged contractile activity (4, 14). This finding, together with the observation that soleus muscle has a low glycogenolytic and a relatively high respiratory capacity, makes it appear reasonable that intermediate fibers derive most of the energy utilized during prolonged work from oxidative metabolism.
In this context, the responses of the soleus muscles in the present study are somewhat surprising in two respects. Despite the relatively low intensity of the work, as evidenced by the fact that it could be maintained for 2 hr without development of exhaustion, there was considerable glycogen depletion in DISCUSSION Studies employing either normal exercise (1, 10, 17, 2 1, 37, 41) or electrical stimulation of muscles in situ (4, 6, 11) have shown that endogenous muscle glycogen (1, 4, 11, 2 1, 37, 41) and triglyceride (6, 10, 17, 37) stores can be decreased by contractile activity. Studies comparing the responses of the three different muscle fiber types to repea *ted electrical stimulation thruugh the nerve have shown that the white motor units lose their glycogen stores and fatigue very quickly compared to both the red and the intermediate fibers (9, 14) . The results of these studies on muscle stimulated to contract in situ, which indicate that the same number of contractions produce
In the above context, the finding that the three exercise tests used in the present study resulted depletion in the white portion of the v in minimal glycogen astus lateralis over a Z-hr period provides strong evidence that these white fibers contracted infrequently during the exercise. The alternative possibility that the white fibers did contract frequently and obtained their energy from exogenous substrates (Le., blood glucose and FFA) seems unlikely.
In the first place, there is no reason to believe that the meta bolic res ponse of the muscle fibers to contractile activity induced by el ectrical stimu .ation of the nerve is gross1 y different from that seen when the stirnull 2s to contract originates in th .e central nervous system. This is because the subsequent series of events, calcium including membrane depolarization, release of from the sarcotubular reticulum, splitting of ATP, etc., is presumably the same. In the second place, white muscle fibers have low levels of hexokinase activity (5, 8, 35) and, as mentioned earlier, a poor blood supply and a low capaci ty to oxid ze fat and car bohydrate l We therefore interpret our results to indicate that when exercise 1s of an in tensity that can be main tain ed for 2 hr or longer,
th .e work is performed primarily bY the red and -intermedi the other ate fibers wi th little involvement of the white. On hand, if the work lo ad exceeds the capacity of the red and i .ntermed iate fibers, the white motor units are also activated by the ten .tral nervous system, and if work is continued to the point of exhaustion, white muscle glycogen stores can be essentially completely depleted (41). The exercise test to which the rats in group C in the present 1 l .I study mum were train su bJ ected was stimulus lng response of muscle to assume that a essentia in our ly the same studies of as the maxithe adaptive to exercise (23, 3 1). It seems reasonable positive relationship exists between the magnitude of an inducing stimulus, in this case the customary level of physical activity, and the extent of the adaptive response. Thus, the finding that the white portion of th ev astus late ralis is min imally involved in the exercise used to train the animals in our studies, as reflected in an soleus muscle in response to all three exercise tests. This ranged from 42 % in group C to 72 % in group D. Also puzzling is the finding that the exercise had little or no effect on the concentration of triglycerides in soleus muscle; in contrast, essentially unchanged glycogen conten t after 2 ning, helps to explain why the absolute increases hr of runresx>ira-m triglyceride stores decreased about 40 5% in red muscle after 2 hr in response to the three exercise tests. This finding is in keeping with the results of a previous study on the eflects of exhausting exercise in which the decrease in endogenous triglycerides in soleus was small, amounting to only onethird that seen in red muscle (37). We have no explanation for these findings at present. However, the lack of response of muscle triglycerides does suggest that triglyceride lipase activity is perhaps lower in intermediate than in red fibers during exercise. The present results confirm our previous finding that, of the three types of skeletal muscle, only the red fibers appear to utilize a large portion of their intracellular triglyceride stores during exercise (37). In both the red and the intermediate types of muscle, there was an initial rapid fall in glycogen concentration, followed by a leveling off or a more gradual decline in response to the exercise tests in the present study. This is very similar to the patterns of glycogen depletion found by Chapler and Stainsby (I 1) in dog gastrocnemius-plantaris muscles stimulated to contract in situ at frequencies between 2 and 10 twitches/min.
In studies on humans, in which glycogen depletion in quadriceps muscle during bicycle exercise was examined by means of serial muscle biopsies, the concentration of muscle glycogen also dropped most sharply during the first few minutes (2 1). However, the subsequent decline in muscle glycogen concentration was almost linear, with no evidence of a tendency to level off until the glycogen concentration dropped to very low levels (21). This difference probably relates to the intensity of the work relative to the Tjozrnnx and the muscle mass involved in the exercise. For example, at a work rate requiring 80 %I of %zmax, running, which involves a larger muscle mass, appears to result in slower depletion of muscle glycogen stores in men than does bicycling (12). This eflect might be even more marked in animals as the work is performed by the musculature of all four extremities. It seems reasonable that some of the rapid early fall in glycogen concentration occurs during the development of the 02 utilization of blood glucose. Repeated muscle contraction is associated with a marked increase in muscle cell permeability to sugar (22, 24, 25) . Increased transport of glucose into the cell followed by conversion to glucose 6-phosphate would inhibit glycogenolysis.
In the present study, this mechanism must have played an important role as evidenced by an approximately 85 % depletion of liver gIycogen stores in response to all three exercise tests. It seems likely that if exercise had been continued beyond 2 hr, exhaustion would have resulted from development of hypoglycemia due to depletion of liver gIycogen. In fact, blood sugar levels had started to decrease in the rats that ran for 2 hr.
It is interesting that in the exercised rats in this study the total amount of glucose supplied by the liver glycogen stores considerably exceeded that obtained from muscle glycogen. Assuming as a rough (high) estimate that the muscles involved in the work weighed 80 g, that 50 % of the fibers were white and did not lose glycogen, and that the gIycogen content of the red and intermediate fibers decreased 4 mg/g in 2 hr, then total muscle glycogen stores were decreased about 160 mg. On the other hand, liver glycogen stores decreased approximately 47 mg/g, which, for a liver weighing 10 g, represents a total decrease in liver glycogen of 470 mg. Thus, in the rat, liver glycogen appears to be a more important source of energy than muscle glycogen during exercise of moderate intensity, and exhaustion appears to result from depletion of liver glycogen stores with ensuing hypoglycemia, rather than from depletion of muscle glycogen (37). A n important species difference between humans and rats is that muscle glycogen concentrations are much higher in man. Nevertheless, during prolonged, moderate exercise, there is considerable mobilization of glucose from the liver (38, 42), and hepatic output of glucose, primarily by means of augmented glycogenolysis, provides an important source of substrate for exercising muscle in man (42). deficit, when ATP regeneration via mitochondrial oxidation of substrates is not activated sufficiently to balance ATP
